Interaction between mammalian cells and viruses has an impact on a diverse set of cellular processes. Many of these interactions are characterized by antiviral immune responses and changes in cellular transcriptional, translational, and trafficking machinery that in turn depend on the infection stage and the biological condition of the infected cell. The modified vaccinia virus (VV) Ankara (MVA), derived from the Ankara strain, is a highly attenuated virus. MVA has been passaged more than 500 times in chicken embryo fibroblasts. During the course of attenuation, 15% of the parental viral genome was lost (2, 25) ; the structural genes remained unaltered, but genes involved in immune evasion factors (4) and host range genes (1, 25, 42) have been deleted or fragmented. MVA produces an infectious cycle in chicken embryo fibroblasts and baby hamster kidney (BHK) cells but not in various human cell lines, including the HeLa cell line (7, 11) . Although viral replication depends on cell type, blockade of the morphogenetic program in nonpermissive cells occurs in steps after the formation of immature viral forms, with no alteration in early or late viral gene expression (34, 36) . In cultured cells, MVA recombinants produced levels of heterologous protein similar to or higher than those of VV-derived vectors (8, 33, 36) . In mammals, MVA recombinants induce protective immunity against a wide spectrum of pathogens (7, 18, 23, 24, 35, 37) . MVA may be of use in the generation of live vaccines against infectious diseases and in cancer therapy due to its safety and its ability to evoke protection. The generation of such vaccines demands a comprehensive understanding of the effect of MVA infection on human host gene expression. With DNA microarray technology, the expression of several thousand individual genes can be monitored (19) , and this technology has been used to identify cellular genes that are differentially expressed in response to infection with several animal viruses (5, 9, 16, 17, 20, 30, 41, 43) . Here, we analyzed host gene expression changes in cultures of the human cervical carcinoma cell line HeLa at 2, 6, and 16 h postinfection by using cDNA microarray technology. During MVA infection, we found increased expression of cellular genes associated with the immune response and with a variety of cellular pathways. This study represents the first global analysis of the transcriptional response of HeLa cells to MVA infection. plaque assay. MVA and WR infections were carried out at a multiplicity of infection of 5 PFU/cell.
Microarray fabrication. The Research Genetics 40K sequence-verified clone human cDNA library (http://www.resgen.com/products/SVHcDNA.php3) was used to generate cDNA arrays as described previously (17) . Slides contained 15,360 cDNAs, of which 13,295 correspond to known genes and 2,257 correspond to control genes. Printing on CMT-GAPS II slides (Corning) was performed with a Microgrid II (BioRobotics) at 22°C and 40 to 45% relative humidity.
Microarray hybridization. Total RNA was isolated from MVA-infected (5 PFU/cell) or mock-infected HeLa cells cultured in 10-cm plates with Ultraspect-II RNA (Biotecx) by following the manufacturer's instructions. Uninfected samples were isolated at each infection time point and processed in parallel with infected cells. Two different samples of RNA from MVA-infected cells at 2, 6, and 16 h postinfection and RNA from corresponding mock-infected cells were processed for analysis. Each RNA was used in two different hybridizations. In one hybridization, the mock-infected sample was labeled with dUTP-Cy3 and the MVA-infected sample was labeled with dUTP-Cy5; in the other, the mockinfected sample was labeled with dUTP-Cy5 and the MVA-infected sample was labeled with dUTP-Cy3. Double labeling was used to abolish labeling and hybridization differences due to specific Cy-dUTP characteristics. A mixture containing 40 g of RNA, 150 pmol of oligo(dT) 20 , 0.5 mM dATP, 0.5 mM dGTP, 0.5 mM dCTP, 0.1 mM dTTP, 0.05 mM Cy3/Cy5 dUTP (Amersham), 1ϫ firststrand reaction buffer (Invitrogen), and 10 mM dithiothreitol in a volume of 38 l was heated (65°C, 5 min) and preincubated (42°C, 5 min), after which 400 U of SuperScript II (Invitrogen) and 40 U of RNase Inhibitor (Roche) were added and the mixture was incubated (42°C, 2.5 h). The reaction was terminated with EDTA, and starting RNA template was removed by adding 2 l of 10 N NaOH, followed by incubation (20 min, 65°C). The reaction was neutralized by adding 4 l of 5 M acetic acid. Cy5 and Cy3 probes were mixed, and unincorporated dyes were removed by isopropanol precipitation. Probes were resuspended in deionized water; blocking reagents added to increase specificity were poly(A) (20 g; Sigma), tRNA (20 g; Sigma), and human Cot-1 DNA (20 g; Invitrogen). While probes were drying in a Speed-Vac, microarray slides were prehybridized in a mixture containing 6ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.5% sodium dodecyl sulfate (SDS), and 1% bovine serum albumin (42°C, 1 h), rinsed five times with water, and dried by centrifugation (563 ϫ g, 1 min). Probes were resuspended in 40 l of hybridization buffer (50% formamide, 6ϫ SSC, 0.5% SDS, 5ϫ Denhardt's solution) and incubated with slides (42°C, 16 h) in hybridization chambers (Array-It) in a water bath in the dark. After incubation, slides were washed twice in 0.1ϫ SSC-0.1% SDS for 5 min each time and three times in 0.1ϫ SSC for 5 min each time. Finally, slides were dried by centrifugation as described above and scanned on a ScanArray 4000 (Packard Biosciences) by using ScanArray 3.1 software. Raw data were obtained from Cy5 and Cy3 images by using QuantArray 3.0 software (Packard Biosciences) and processed by using SOLAR software (BioALMA, Madrid, Spain). Briefly, background is subtracted from the signal, log 10 (signal) is plotted versus log 2 (ratio) and, a lowess normalization is done to adjust most spots to log ratio 0. This value is calculated for all four replicates and a change (n-fold), log ratio, standard deviation of the log ratio, and z score (a measure of the proximity of one value [log ratio] to other values with similar signals) (32) . Gene expression analysis. The original data set containing 13,295 clones per slide was prepared for clustering. Genes with an interreplicate standard deviation of Ͼ1 were removed from the analysis. The resulting data set was reduced to 9,749 transcripts that showed a consistent expression value among the four replicates. The z score value was used to eliminate genes that did not show significant expression under at least one experimental condition (32) . In this way, only genes with z scores of Ͼ2 were selected for clustering. A new data set was created with the 410 transcripts that successfully passed through the filter. After the data were preprocessed, genes were clustered by using Kohonen's classical self-organizing map (12, 22, 40) . The resulting 7-by-5 map was analyzed by using the Engene software package (15) , available at http://www.engene.cnb.uam.es.
Quantitative real-time RT-PCR. RNA (1 g) was reverse transcribed by using the Superscript first-strand synthesis system for reverse transcription-PCR (RT-PCR) (Invitrogen). A 1:40 dilution of the RT reaction mixture was used for quantitative PCR. Primers and the probe set used to amplify H2BFB, PCNT2, WASF1, WAS, interleukin 7 (IL-7), IL-6, IFNG, APEXL2, and FLJ20643 were purchased from Applied Biosystems. RT-PCRs were performed by using Assayon-Demand optimized to work with TaqMan Universal PCR Master Mix, No AmpErase UNG, as previously described (17) . All samples were assayed in duplicate. Threshold cycle values were used to plot a standard curve in which the threshold cycle value decreased in linear proportion to the log of the template copy number. The correlation values of standard curves were always Ͼ99%.
Western blot. HeLa cells were infected at 5 PFU/cell with MVA or WR and collected at 2, 6, and 16 h postinfection in lysis buffer (50 mM Tris-HCl [pH 8.0], 0.5 M NaCl, 10% NP-40, 1% SDS). Equal amounts of protein lysates (10 g) were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 14 or 8% gels, transferred to nitrocellulose membranes, and incubated with primary antiactin (Sigma), antitubulin (Sigma), anti-NF-B (Santa Cruz), anti-RAC-1 (kindly provided by J. C. Gallego), anti-WAS (Santa Cruz), and anti-WAVE (Santa Cruz), followed by peroxidase-conjugated mouse and rabbit secondary antibodies. The blots were developed by using the ECL protocol (Amersham). 
RESULTS
Gene expression analysis. To study the cellular transcriptional response after MVA infection, we first defined the cytopathic effect (CPE) and shutoff of MVA-infected HeLa cells compared to cells infected with the WR strain. WR produced a pronounced CPE at 6 and 16 h postinfection, and this CPE was reduced in MVA-infected cells (Fig. 1A) . At a multiplicity of infection of 5 PFU/cell, over 99% of the cells were infected. At 16 h postinfection, more rounded cells were observed after WR infection, whereas MVA produced rounded and bipolar cells, as previously noted (14) . The pattern of protein synthesis is shown in Fig. 1B . At 6 h postinfection, WR-infected cells showed a more evident shutoff than MVA-infected cells, while at 16 h postinfection, shutoffs induced by both viruses were similar. We performed cDNA microarray analysis to determine the relative abundance of specific mRNAs induced in MVA-infected cells compared to that induced in mock-infected cells. The gene expression clusters of the 410 differentially regulated genes are depicted in Fig. 2 . Detailed profile analysis led us to group the genes into 11 main clusters according to their behavior at the three time points of MVA infection by using Engene software (15) . Clusters 1 and 2 contained 68 transcripts, representing 16.59% of the 410 genes, showing a robust induction pattern that was maintained during the course of infection. Cluster 3 contained 58 transcripts (14.15%), including genes with a generalized induction pattern maintained from 2 to 6 h postinfection that returned to basal levels at 16 h postinfection. Cluster 4 had 15 transcripts (3.66%), with an upregulation pattern maintained from 6 to 16 h postinfection. Cluster 5 contained 11 transcripts (2.68%) that were downregulated at 2 h postinfection and upregulated at 6 and 16 h postinfection. Cluster 6 contained 11 transcripts (2.68%) with upregulated expression only at 2 h postinfection. The average profiles for clusters 1 to 6 are shown in Fig. 3 ; these six clusters include genes involved in adhesion, cell cycles, immune response, signal transmission, metabolic pathways, and other vital cell processes. Representative human genes upregulated by MVA infection in clusters 1 to 6 are shown in Table 1 . Genes whose expression was repressed after MVA infection represented 60.24% of the 410 genes; representative human genes downregulated by MVA in clusters 7 to 11 are detailed in Table 2 .
Confirmation of microarray data for selected genes by
Northern blot analysis and real-time RT-PCR. Selected genes with distinct expression patterns after MVA infection, as identified by microarray analysis, were chosen for target verification by Northern blotting. Total RNA was purified from uninfected or MVA-infected cells at 2, 6, and 16 h postinfection, fractionated by gel electrophoresis, blotted, and probed by using 32 P-labeled PCR products that were spotted on the microarray. The RNA preparation used for this analysis was the same as that used in the microarray. The amount of RNA on the blot was normalized based on rRNA content. The Northern blot analysis confirmed microarray results in all cases (Fig.  4) . Whereas the expression pattern of histone family member N (H2AFN) was weakly detected in mock-infected cells, strong activation compared to that for the uninfected control was observed at 2, 6, and 16 h postinfection. A similar expression pattern was observed for WAS protein family member 1 (WASF1). Peaks of histone F gene H2FB mRNA expression were reached at 2 and 6 h postinfection. A constitutive expression pattern of the apurinic/apyridiminic endonuclease gene (APEXL2) and the EST FLJ20643 was observed in the presence and in the absence of MVA.
As an alternative to the Northern blot analysis, real-time RT-PCR was used to verify the transcriptional changes in selected genes detected by microarray analysis. Six upregulated genes (H2BFB, PCNT2, WASF1, WAS, IL-7, and IL-6) and three unaltered genes (IFNG, APEXL2, and FLJ20643) were analyzed; hypoxanthine phosphoribosyltransferase was used as (Fig. 5A) . Although actin gene expression was downregulated after 2 h postinfection in microarray analysis (Table 2) , the protein was present in equal amounts in mock-infected and MVA-infected cells at 2, 6, and 16 h postinfection (Fig. 5A ). This result is probably due to the stability of actin. Similar results were obtained with WR-infected HeLa cells (Fig. 5A) . These findings show that the correlation between mRNA and protein levels depends on protein stability.
For other proteins, we confirmed microarray data with protein expression patterns. For these analyses, we used the Rho family small GTP-binding protein (RAC-1), the WASP family member WAVE (WASF1), and the nuclear factor kappa light polypeptide (NFK␤1). The RAC-1 protein signal increased in MVA-infected cells, with a peak at 6 h postinfection (Fig. 5B) . At this time point, the amount of RAC-1 in MVA-infected cells was about threefold higher than that in control cells. WAVE showed a peak of expression at 16 h postinfection, when the amount of protein was about threefold higher than that in control cells. NF-B protein expression was more than threefold higher than that in controls at 16 h postinfection, whereas there was no evidence of protein increases at early times postinfection (Fig. 5B ). In the case of WR-infected cells, WAVE protein levels were similar for WR-and MVA-infected cells. RAC-1 and NF-B showed different levels of protein expression at 16 h postinfection; these levels increased with MVA infection and decreased with WR infection (Fig. 5B) .
Evidence that viral late gene functions are necessary for the increases in RAC-1, WAVE, and NF-B protein levels was obtained (Fig. 5B) by Western blot analysis of MVA-infected cells cultured in the presence of cytosine-arabinoside (AraC) and an inhibitor of viral DNA replication (21) . Moreover, the increase in RAC-1, WAVE, and NF-B protein expression required de novo protein synthesis, since the accumulation of these proteins was prevented by cycloheximide treatment (Fig.  5B) . This result eliminates the possibility that MVA infection might increase protein levels by enhancing protein stability. We further analyzed the levels of IL-6 and IFN-␥ secreted after MVA infection to confirm the data obtained by microarrays and quantitative RT-PCR. The amounts of secreted IL-6 and IFN-␥ were determined by ELISA with uninfected and MVA-infected HeLa cells (5 PFU/cell) at 2, 6, and 16 h postinfection. In agreement with data obtained in microarray and quantitative RT-PCR analyses, there was no detectable IFN-␥ in supernatants from MVA-infected cells (Fig. 5C ). In contrast, we observed a strong increase with time in the amount of secreted IL-6 after MVA infection, in full agreement with the microarray and quantitative RT-PCR data (Fig. 5C ). When HeLa cells were WR-infected, no IL-6 or IFN-␥ was detected by ELISA in cell-free supernatants (Fig. 5C ).
DISCUSSION
The interaction between viruses and the host cell are complex, multifaceted processes. While viruses attempt to take over cellular functions to their advantage, the cell counteracts by mounting a variety of defensive responses that may include induction of interferon, stress response, or apoptotic pathways, all of which are accompanied by changes in gene expression.
In this study, we analyzed the response of the human HeLa cell line to MVA infection by using cDNA microarrays. It was reported previously that MVA undergoes limited replication in HeLa cells (7, 11, 14) ; virus replication is restricted during infection of HeLa cells after immature virions are formed (7, 14, 34, 36) , allowing efficient production of proteins (33, 37, 42) . Due to the interest in MVA-based vectors as potential vaccines against pathogens and tumors and current phase I clinical trials with this vector, there is a need to understand the host response to MVA infection. We used microarrays to analyze the changes in host gene expression profiling after MVA infection of cultured human cells.
A total of 410 of 13,295 genes in the array were significantly regulated after MVA infection and assigned to 11 clusters (Fig.  2) . Clusters 1 and 2 included 68 genes that were upregulated at 2, 6, and 16 h postinfection. A total of 58 genes were identified in cluster 3; their expression increased at 2 and 6 h postinfection. In cluster 4, we observed 15 genes upregulated at 6 and 16 h postinfection. In cluster 5, 11 genes were downregulated at 2 h but upregulated at 6 and 16 h postinfection. The 11 genes in cluster 6 were upregulated only at 2 h postinfection. The remaining genes, a total of 247, were downregulated with different expression profiling and are represented in clusters 6 to 11 (Table 2) . Indeed, these findings differ from the host transcriptional responses observed after WR infection, for which only 37 cellular genes were upregulated in HeLa cells infected at 2, 6, and 16 h postinfection (17) . A comparison of gene expression profiles based on data obtained in this study and those from previous work with WR (17) is shown for representative genes in Table 4 . In MVA-or WR-infected HeLa Fig. 1 ) and is consistent with previous results of analyses of the biology of MVA (14, 33) .
Examination and analysis of the list of the cellular genes upregulated by MVA indicated several gene families with significant, distinct biological functions ( Table 1) . Some of these groups include genes involved in adhesion, the cytoskeleton, the cell cycle, apoptosis, histone, and immune modulation. Some of these genes may be involved in processes such as viral replication or cell defense.
Transcription of several genes involved in the immune response (20 members of the tumor necrosis factor receptor (TNF) family (TNFRSF7, TNFAIP3, TNFRSF14, TNFRSF17, and TRAF3) were upregulated in response to MVA. Genes encoding CD47 and CD80 antigens showed marked inductions at early and late times after MVA infection ( Table 1 ). The immune modulator gene IL-7 upregulation was more than sixfold compared to levels for control cells at early times postinfection (Table 1) , a result validated by quantitative RT-PCR (Table 3 ). The MVAinduced increase in IL-15 gene expression is a characteristic also observed for other viruses (3) . At the protein level, we observed elevated IL-6 levels in supernatants from MVA-infected HeLa cells but not in those from cells infected with WR (Fig. 5C) . A similar increase in IL-6 and TNF-␣ levels was found in spleen homogenates from MVA-infected mice but not in those from WR-infected mice (33) . These results indicate that MVA and WR induce different proinflammatory cytokine profiles both in vivo and in vitro. We observed clear upregulation of NF-B expression during MVA infection, as determined by mRNA (Table 1) and protein levels (Fig. 5B) . In the case of WR, NF-B expression was downregulated at late times postinfection (Table 4 ). The increase in NF-B protein required viral DNA replication, as seen with cells infected in the presence of adenosine arabinoside, an inhibitor of virus DNA synthesis. Moreover, the increase in NF-B protein levels required de novo protein synthesis, as observed after cycloheximide treatment (Fig. 5B) . These findings concur with the observation by Oie and Pickup a Representative groups of genes from the microarray data obtained for MVA (this report) and from previous work with WR (17) were selected according to their up-or downregulation. For comparative purposes, we show cellular genes that are upregulated by both viruses, genes that are upregulated selectively by MVA or WR, and genes that are downregulated by the two viruses. Genes in each cluster were grouped according to predicted biological function.
transcriptional regulation of inflammatory cytokines and other genes essential for activating immune responses (10) . NF-B also regulates the expression of genes involved in the control of cell proliferation and apoptosis (10, 31) . It can be speculated that the increase observed in NF-B mRNA and protein levels in response to MVA infection corresponds to enhanced NF-B activity. An increase in NF-B protein levels, together with the IB-␣ degradation previously observed in MVA-infected cells (31) , will contribute to the transcription of B-dependent genes and to the clearance of virus infection as a result of the induction of apoptosis and specific immune responses. Since MVA has large genome deletions, viral genes that interfere with NF-B, present in orthopoxviruses, might be absent (31) .
In accord with previous microarray results for WR-infected cells (17), we observed increased levels of WASF1, claudin 3, CD-80, thymosin-beta-4, and adenosine-A2a receptor during MVA infection (Table 4) . Comparison of WR and MVA nonetheless showed differences in expression levels of other genes, including kinesin-5 and histone family members, during infection. In WR-infected cells, these genes were upregulated early but not late in infection, whereas in MVA-infected cells, levels were maintained throughout infection. Among genes with an important role in motility and WR spreading is the WiskottAldrich syndrome protein family member N-WASP (WASL gene) (13) . WAS and WASF1 were upregulated in MVAinfected cells, whereas in WR-infected cells, only WASF1 was upregulated. Significantly, the small GTP-binding protein RAC-1 was also induced after MVA infection. Although the role of WAS proteins in the cell is well established (6, 27) , the biological meaning of WASP family upregulation by a nonproductive virus is not immediately clear, in contrast to the case for WR, in which it appears to be important for viral spreading (6, 26, 38, 39) .
It was reported that MVA has lost functional receptors for TNF, IFN-␥, IFN␣/␤, and CC chemokines (4, 7, 28, 29) . The absence of these viral proteins and the induction of different host immune response molecules such as TNF may be the reason for MVA attenuation and for the potent immune response elicited by MVA recombinants to specific antigens compared with that elicited by VV recombinants (33) . Induction of innate and adaptive immune responses during MVA infection could have a beneficial effect when MVA is used as a vaccine. MVA is known to trigger a poor immune response against itself, while it activates a potent immune response to specific antigens delivered by the vector (33) . The enhanced expression of genes encoding immunomodulatory molecules (Table 1) during MVA infection might create a microenvironment that allows antigen-presenting cells and activated T cells to help expand CD4 ϩ and CD8 ϩ T cell populations. This possibility may be relevant when immunization protocols that include prime-booster immunization with heterologous vectors are used (33, 35) . Maintenance of specific T cells could contribute to MVA-induced expression of cytokines such as IL-15. MVA induction of cellular genes with immunomodulatory functions may be a major contributing factor in the enhanced immunogenicity of MVA-derived vaccines.
In conclusion, through analyses of host cell gene expression profiling after MVA infection of cultured human cells, we found a number of cellular genes whose expression levels are markedly modified by MVA infection and suggest potential roles as regulators of viral infection. Some of these upregulated genes may be involved in the enhanced immune response to specific antigens observed in animals after infection with MVA recombinants. Identification of genes that are differentially regulated and the characterization of their functions is important when the potential benefit of MVA as a vector for vaccination against pathogens and tumors is considered.
